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Abstract
Volume loss in some limbic region structures has been observed in multiple sclerosis (MS)
patients. However, in vivo evaluation of existing tissue cellular microstructure integrity has
received less attention. The goal of studies reported here was to quantitatively assess loss
of limbic system volumes and tissue integrity, and to evaluate associations of these mea-
sures with cognitive and physical dysfunction in MS patients. Thirty-one healthy controls
(HC) and 80 MS patients, including 32 relapsing remitting (RRMS), 32 secondary progres-
sive (SPMS) and 16 primary progressive (PPMS), participated in this study. Tissue cellular
integrity was evaluated by means of recently introduced tissue-specific parameter R2t* that
was calculated from multi-gradient-echo MRI signals using a recently developed method
that separates R2t* from BOLD (blood oxygen level dependent) contributions to GRE signal
decay rate constant (R2*), and accounting for physiological fluctuations and artifacts from
background gradients. Volumes in limbic system regions, normalized to skull size (NV),
were measured from standard MPRAGE images. MS patients had lower R2t* and smaller
normalized volumes in the hippocampus, amygdala, and several other limbic system
regions, compared to HC. Alterations in R2t* of several limbic system regions correlated
with clinical and neurocognitive test scores in MS patients. In contrast, smaller normalized
volumes in MS were only correlated with neurocognitive test scores in the hippocampus and
amygdala. This study reports the novel finding that R2t*, a measure that estimates tissue
integrity, is more sensitive to tissue damage in limbic system structures than is atrophy.
R2t* measurements can serve as a biomarker that is distinct from and complementary to
volume measurements.
Introduction
Cognitive impairment, including impairments of memory, attention, information processing
and executive functions, affects approximately 50% of multiple sclerosis (MS) patients [1].
Dysfunctions of episodic memory and information processing speed are the most common
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types of dysfunctions reported [2]. The limbic system contains structures that play important
roles in memory functions. These include not only the hippocampus but also the amygdala,
which has roles in cognition and memory processing as well as in emotion [3,4]. Previous
studies in MS observed atrophy in parts of the limbic system [5,6] which was associated with
memory impairment [7]. Abnormalities in the white matter (WM) tracts connecting struc-
tures of the limbic system, such as the cingulum, fornix and uncinate fasciculus, have been
demonstrated in MS using diffusion tensor imaging, and the abnormalities correlated with
cognitive dysfunction [8–10].
We developed a technique called gradient echo plural contrast imaging (GEPCI), which is a
post-processing technique that is based on a commercially-available gradient recalled echo
(GRE) pulse sequence with multiple gradient echoes [11–13]. GEPCI can provide quantitative
measurement of R2, which is the relaxation rate constant of the transverse magnetization
which measures how fast the MR signal decays. We previously analyzed R2 to evaluate global
and regional GM integrity in MS, finding that lower R2 in cortical GM correlated with worse
neurocognitive test scores [14]. R2 and quantitative susceptibility mapping (QSM) have been
found to be sensitive to iron deposition in basal ganglia and were correlated with inhibitory
control in MS patients [15]. In studies reported in this paper we used MRI-based methods to
measure tissue-specific relaxation properties of GRE MRI signal, i.e. the R2 (1/T2) relaxation
rate constant and its sub-component, R2t, specifically related to tissue cellular structure
[16,17]. The R2 was demonstrated to detect WM abnormalities in MS patients, progressively
decreasing with myelin loss [18]. Besides tissue-specific contributions, susceptibility related
effects, such as extravascular BOLD (blood-oxygen-level dependent) effect which is continually
changing in response to neuronal activity [19], also contribute to R2 signal. Our group intro-
duced a method [16] to separate tissue-specific (R2t) from BOLD [20] contributions to R2.
The tissue-specific (R2t) MRI relaxation parameter depends on the cellular environment of
water molecules (the main source of MRI signal). Higher concentrations of proteins, lipids,
and other components of biological tissue and cellular constituents (sources of MR signal
relaxation) lead to higher relaxation rate constants. For example, in pure water or CSF, the
R2t is about 1 s-1, while in normal brain tissue it is about 15–20 s-1. Using this method [16]
and acquisition plus post-processing techniques that minimize artifacts related to macroscopic
magnetic field inhomogeneities [21], and physiological fluctuations [22], we previously dem-
onstrated that R2t measurements are sensitive to age-related changes in brain tissue cellular
structure in healthy adults [17] and loss of tissue cellular integrity in Alzheimer Disease [23].
By the elimination of the variable contribution to R2 that is dependent on venous blood oxy-
genation level (BOLD), R2t values provide more tissue specific information than R2 [17,23].
Here we measured R2t and volumes of limbic system components–with a focus on hippo-
campus and amygdala–in 80 MS patients and 31 healthy controls (HC). We observed that not
only did MS patients have smaller hippocampus volumes compared to HC, but R2t in hippo-
campus and amygdala and several other limbic regions was also reduced, suggesting damage even
in non-atrophied tissue. Moreover, alterations in R2t and volume of several different regions in
the limbic system of MS patients correlated with clinical and neurocognitive test scores.
Materials and methods
Participants
The study was approved by the Institutional Review Board of Washington University School
of Medicine. Eighty MS patients with relapsing remitting (RRMS, n = 32), secondary progres-
sive (SPMS, n = 32) or primary progressive (PPMS, n = 16) clinical courses were enrolled. Ten
male and 21 female HC, age 23 to 85 years (mean age ± SD: 49.53 ± 15.98), were enrolled to
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represent the age range of the MS patients (Table 1). Sixty out of 80 MS patients were on dis-
ease-modifying treatments, including beta-interferon (n = 20), dimethyl fumarate (12), fingoli-
mod (4), glatiramer acetate (9), methotrexate (1), natalizumab (4), ocrelizumab (5) and
teriflunomide (5). All subjects provided written consent.
MRI
Scans were performed using a 3T Trio MRI scanner (Siemens, Erlangen, Germany) with a
32-channel phased-array head coil. High resolution GEPCI [13] datasets of voxel size 1×1×2 mm3
were acquired using a three dimensional multi-gradient-echo sequence with flip angle of 30˚,
TR = 50 ms and total acquisition time of 12 min. For each acquisition, 10 echoes were collected
with first echo time TE1 = 4ms and echo spacing ΔTE = 4ms. Navigator echoes were collected to
correct physiological fluctuation-induced artifacts [22]. A voxel spread function algorithm [21]
was used to correct for artifacts related to macroscopic field inhomogeneity effects. High resolu-
tion clinical MPRAGE [24] images (1 mm3) were also collected for tissue segmentation.
Image processing
Multi-channel images were combined using a published algorithm [13], and fitted by a model
[16] on a voxel-by-voxel basis:
SðTEÞ ¼ S0  exp½  R2

t  TE  FBOLDðTEÞ  FðTEÞ ð1Þ
where S0 is the signal magnitude. Functions FBOLD and F describe signal decay due to BOLD
effect [16] and macroscopic field inhomogeneity [21], respectively. This model and data
Table 1. Participant characteristics.
HC RRMS PPMS SPMS
Number of participants F 17 27 10 20
M 9 5 6 12
Age F 53.00±14.54 54.70±8.01 56.40±8.60 57.45±8.71
M 42.23±17.17 51.80±16.27 53.50±10.43 56.67±10.79
EDSS F N/A 2.70±1.34 5.70±1.18 6.03±1.23
M N/A 2.00±0.71 5.75±1.04 5.29±1.48
25FTW F N/A 5.07±1.63 15.77±26.65 13.88±8.90
M N/A 3.87±0.93 12.62±10.66 9.35±5.77
9HPT (Dom) F N/A 22.58±7.11 28.82±19.40 28.30±16.59
M N/A 23.42±4.90 31.23±7.79 36.03±11.09
9HPT (Non Dom) F N/A 22.16±4.39 29.32±15.17 37.10±29.88
M N/A 20.96±2.84 47.21±49.91 39.97±19.60
PASAT (3s) F N/A 45.89±11.97 47.90±11.12 42.44±14.12
M N/A 49.40±6.80 51.00±5.73 42.00±9.81
PASAT (2s) F N/A 34.00±10.05 37.10±8.32 32.06±12.34
M N/A 38.60±5.37 42.67±9.63 30.33±8.69
SDMT F N/A 53.07±11.84 51.20±9.15 43.16±12.48
M N/A 55.00±4.53 51.17±14.34 40.75±13.85
Mean ± SD for each parameter was shown in the table. HC = Healthy Control; RRMS = Relapse Remitting Multiple Sclerosis; PPMS = Primary Progressive
Multiple Sclerosis; SPMS = Secondary Progressive Multiple Sclerosis; EDSS = Expanded Disability Status Scale; 25FTW = Timed 25-Foot Walk; 9HPT
(Dom) = 9-Hole Peg Test of the dominant hand; 9HPT (Non Dom) = 9-Hole Peg Test of the non-dominant hand; PASAT = Paced Auditory Serial Addition
Test; SDMT = Symbol Digit Modalities Test.
https://doi.org/10.1371/journal.pone.0187915.t001
Limbic system damage in MS: MRI assessment and correlations with clinical testing
PLOS ONE | https://doi.org/10.1371/journal.pone.0187915 November 9, 2017 3 / 14
acquisition method allow measurements of tissue-specific R2t relaxation rate constant free of
artifacts related to macroscopic field inhomogeneities and physiological fluctuations.
MPRAGE images were put into “FreeSurfer” (Laboratory for Computational Neuroimag-
ing, Martinos Center for Biomedical Imaging) for brain segmentations, which were registered
onto GEPCI maps using “FSL” (FMRIB, Oxford). Median R2t values for hippocampus, amyg-
dala, parahippocampal cortex, insula, entorhinal cortex, lateral and medial orbitofrontal corti-
ces, caudal and rostral anterior cingulate cortices, isthmus of cingulate, and posterior cingulate
were collected. Medians (rather than means) were used to help offset any segmentation errors.
Volumes (V) of each limbic region were normalized to skull size using “Sienax” in “FSL” to
derive normalized volume (NV) [22]. MPRAGE and FLAIR images were used to obtain lesion
load (LL) of MS patients by using “lesion-TOADs” tool [25] in MIPAV [26].
Clinical neurological tests
The Expanded Disability Status Scale (EDSS), 25 foot timed walk (25FTW), upper extremity
function (nine hole peg test - 9HPT), the PASAT, a test of auditory information processing
speed and calculation ability, and SDMT, a test of visual processing speed, each validated for
MS, were assessed on the day of MRI by examiners blinded to imaging results. Notably, new
learning and memory abilities have been previously shown in MS patients to be primarily asso-
ciated with processing speed [27]. PASAT and SDMT raw scores were converted into z-scores
using published control data for age and education.
Statistics
Analyses were done in the statistical program R. ANCOVA for repeated measures with false
discovery rate (FDR) correction, with age and gender as covariates, was used to compare R2t
and NV differences in hippocampus and amygdala between HC and MS patients of different
clinical subtypes. R2t and NV in limbic structures were examined using Pearson correlations
with cognitive test scores (PASAT and SDMT), controlled for age, gender, LL and treatment.
Spearman correlations, controlled for age, gender, LL and treatment, were used for correla-
tions between R2t and NV in hippocampus and amygdala, and non-normally distributed
clinical results (EDSS, 25FTW and 9HPT). For determining correlations of brain imaging with
9HPT tests, only right-handed (73 of 80 patients) patients were included. 9HPT scores of dom-
inant and non-dominant hands were correlated with MRI measurements in the left and right
hemispheres, respectively. FDR with Benjamini-Hochberg procedure [28] was used to correct
for multiple testing. After correction, p<0.05 was considered significant.
Results
Gender effects on R2t* and volumes in the limbic system
The limbic system, with focus on the hippocampus and amygdala, was examined using R2t
and regional volumes (Fig 1). Some prior studies reported gender differences in hippocampus
size [29,30] and larger amygdala in men [31]. Our data are in agreement with these studies,
however these differences do not exist in HC if volumes are normalized to the skull size.
In HC, we found no significant gender differences in R2t of hippocampus, amygdala and
other limbic cortical regions. In our MS cohort, there were no significant differences in NV
between genders except that normalized hippocampal volume was larger in females with MS
(Fig 2). Our data do not support a gender difference in normalized size of amygdala, nor do
they indicate any gender differences in R2t.
Limbic system damage in MS: MRI assessment and correlations with clinical testing
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Comparisons of R2t* and NV between MS patients and HC
Reduced NV within regions of the limbic system has previously been reported in MS [5–7].
Consistent with those reports, we observed lower NV in MS than HC in both hippocampus
and amygdala (Fig 3). MS patients also had lower R2t in the right hippocampus (Fig 3).
MS patients had been categorized as RRMS, SPMS, or PPMS prior to entering the study.
We compared R2t and NV among the clinical subtypes and compared each subtype with HC.
All subtypes had reduced R2t compared to HC in the right hippocampus (Fig 4). R2t and
NV were reduced in SPMS patients in both hippocampus and amygdala compared to HC,
except R2t in left amygdala. PPMS patients had smaller NV in bilateral hippocampus. R2t of
right amygdala and NV of bilateral hippocampus were reduced in SPMS compared to RRMS.
(Fig 4).
Associations of R2t* and NV in hippocampus and amygdala with
cognitive test performance
R2t and NV of limbic regions were examined for associations with performance on cognitive
tests. Reduced R2t of the right hippocampus and right amygdala each correlated moderately
Fig 1. Examples of GEPCI S0 (T1w) images and R2t*maps selected from a healthy control (HC: 58 yr old, female) and MS patient (MS: 60 yr old,
female). Hippocampus and amygdala regions are marked by yellow and green contours, respectively. Despite no dramatic volumetric changes between
HC and MS in these two structures, the MS patient showed significant lower R2t* in the anterior hippocampus region.
https://doi.org/10.1371/journal.pone.0187915.g001
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with worse SDMT scores (Fig 5R and 5T). Smaller NV of the hippocampus and amygdala of
each hemisphere correlated moderately with worse SDMT performance (Fig 5U–5X). Reduced
R2t in left amygdala correlated moderately with worse cognitive test performance on the 2s
PASAT (Fig 5K), however, NV showed no significant correlations with PASAT scores (Fig
5E–5H and 5M–5P).
Fig 2. Gender comparisons for V and NV of hippocampus and amygdala in each hemisphere in HC
(A–H) and MS (I–P) groups. Panels with p-values (with FDR correction) 0.05 and > 0.01 are marked with
“*”. Panels with p-values (with FDR correction) 0.01 are marked with “**”. F = Female; M = Male; LH = Left
Hemisphere; RH = Right Hemisphere.
https://doi.org/10.1371/journal.pone.0187915.g002
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Associations of R2t* and NV with tests of physical impairment
Reduced R2t of right amygdala showed modest correlation with worse EDSS score (r = -0.29,
p = 0.05) (Fig 6). Smaller NV of right hippocampus displayed a nonsignificant trend to be cor-
related with worse non-dominant hand performance on 9HPT (r = - 0.24, p = 0.09).
Other limbic system structures
We also examined R2t and NV in other cortical GM regions in the limbic system, including
the parahippocampus, insula, and entorhinal, orbitofrontal and cingulate cortices. No signifi-
cant gender differences in R2t or NV were found in these structures for HC or MS. Compared
to HC, our cohort of MS patients had significantly lower R2t in the right insula (p<0.01)
and left lateral orbitofrontal cortex (p<0.01). In contrast, no differences were found for NV
between HC and MS groups in any of these structures. Considering left and right regions as
distinct, lower R2t of 11 limbic cortex regions correlated with worse performance on cogni-
tive tests (bolded, Table 2), whereas no correlations were found for NV. FDR was used to cor-
rect for multiple comparisons in all assessments.
Fig 3. HC versus MS group comparisons of R2t* (A–D) and NV (E–H) of hippocampus and amygdala for each hemisphere.
Panels with p-values (with FDR correction) 0.05 and > 0.01 are marked with “*”. Panels with p-values (with FDR correction) 0.01 are
marked with “**”. LH = Left Hemisphere; RH = Right Hemisphere.
https://doi.org/10.1371/journal.pone.0187915.g003
Limbic system damage in MS: MRI assessment and correlations with clinical testing
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Discussion
MRI techniques have been successfully used to detect MS pathology for decades. Current stan-
dard clinical sequences include T1-weighted (T1W), T2-weighted (T2W), and fluid attenuated
inversion recovery (FLAIR). However, these techniques are not quantitative. In this study, we
measured quantitative parameters of R2t and volume of limbic system components in 31 HC
and 80 MS patients. Lower R2t values and smaller normalized volumes were found in the hip-
pocampus, amygdala and several other limbic system regions in MS patients, compared to HC.
Both R2t and volumetric measures correlated with clinical cognitive tests measuring process-
ing speed, working memory, attention and concentration. Notably, correlations of R2t were
stronger and involved more regions, compared to volumetric measures. Thus, compared with
volumetrics, R2t may detect abnormalities earlier or with greater sensitivity. A quantitative
tool to sensitively detect changes in the limbic system and other parts of the brain could be use-
ful to guide clinical decisions regarding the effectiveness of a given MS treatment in an individ-
ual patient, and might also be useful in trials of potential new therapies.
MRI plays an important role in diagnosis and management of MS. Conventional T1W and
T2W imaging techniques allow visualization of many MS lesions in WM but do not correlate
well with MS disability. The image contrast in standard “weighted” MR sequences depends not
Fig 4. HC versus different MS sub-groups comparisons of R2t* (top) and NV (bottom) of hippocampus and amygdala for each
hemisphere. Significant p-values (with FDR correction) are listed in each panel. LH = Left Hemisphere; RH = Right Hemisphere.
https://doi.org/10.1371/journal.pone.0187915.g004
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only on MR relaxation time constants of the tissue but also on parameters of the pulse
sequences, making it intrinsically non-quantitative; this likely contributes to weak correlations
with disability measures.
Tissue specific (i.e. free of artifacts related to magnetic field inhomogeneities and physiolog-
ical fluctuations) R2 (1/T2) relaxation rate constant is a quantitative measurement of the
transverse relaxation rate of MRI signal in tissue. It can be considered as a quantitative mea-
sure reflecting the reciprocal of the degree of hyperintensity of MS lesions on T2W images.
Measuring tissue T2 and T1 relaxation times has correlated well with MS pathology seen at
autopsy [32]. Such studies suggested that more quantitative tissue-specific relaxation times
might provide more accurate and sensitive reflections of pathology than measuring lesion size
on “weighted” images.
Alterations of R2 have been shown to reflect MS pathology, including demyelination [33].
We previously reported that R2 is reduced in MS in CNS WM [18] and cortical GM [14], and
that R2 measurements in some cortical GM regions correlated with worse cognitive test
scores in MS. Because R2 includes contributions due to neuronal activity—BOLD effect [34],
we developed methods [16] to separate the tissue-specific part of R2 (which we call R2t)
from the total R2 values. Previously, we demonstrated that changes in R2t correlated with
age-related changes in cellular density in healthy human brain [16,17] and correlated better
than R2 with cognitive tests in Alzheimer’s Disease patients [23]. In studies reported in this
paper, we compared regional R2t to NV for ability to detect and measure tissue abnormalities
in limbic GM tissues of healthy and MS subjects, and examined relationships of R2t and NV
with physical and cognitive test scores.
R2t and NV of the hippocampus and amygdala were compared between female and male
MS and HC. In HC, no significant gender differences were found for NV or for R2t. However,
Fig 5. Correlations of R2t* and NV with clinical cognitive scores in hippocampus and amygdala of MS patients. Correlations of R2t* are
shown on the left panels. Correlations of NV are shown on the right panels. Correlations with three clinical cognitive tests (3s PASAT, 2s PASAT
and SDMT) are presented in 3 rows, respectively. The r-values and p-values (with FDR correction) are provided in each panel. LH = Left
Hemisphere; RH = Right Hemisphere.
https://doi.org/10.1371/journal.pone.0187915.g005
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Fig 6. Correlations of R2t* and NV with clinical disability scores (EDSS, 9HPT of dominant and non-dominant hands) in
hippocampus and amygdala of MS patients. The correlations (r) and p-values (with FDR correction) are provided in each panel. LH = Left
Hemisphere; RH = Right Hemisphere.
https://doi.org/10.1371/journal.pone.0187915.g006
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in MS patients in our study, males tended to have smaller hippocampi (NV) than females. A
previous study [35] has shown that subcortical gray matter atrophy is more significant in male
than in female, although that study did not report atrophy in hippocampus. However, hippo-
campal atrophy has been reported in MS [5–7].
A novel finding in the present study was that MS patients had lower R2t values in several
regions of the limbic system compared to HC, and lower R2t values significantly correlated
with worse performance on cognitive tests relevant to MS. Abnormally low R2t was seen in
right hippocampus, right insula and left lateral orbitofrontal. In our MS cohort, smaller NV in
MS than HC was only noted in the hippocampus and amygdala, and no correlations with cog-
nitive scores were found for volumetric measures. Together, these findings suggest that MS
damage is widespread within the limbic system, and that R2t measurements are more sensi-
tive to tissue damage in these structures than is atrophy. Importantly, our results might also
indicate that R2t can detect changes earlier than volume changes, but longitudinal studies will
be needed to confirm this. Since volumetric measurements are the current standard in the
field to measure tissue damage related to neurodegeneration in MS, this study will provide a
quantitative tool with considerable potential to detect abnormalities in the limbic system with
more sensitivity and/or earlier.
The amygdala and hippocampus are located in the medial temporal lobe, a region which is
involved in recognition of sounds [4]. We observed that reductions of R2t in both hippocam-
pus and amygdala in MS patients correlated with worse results on the PASAT, a test of audi-
tory information processing speed, calculation ability, and working memory. Correlations
with 2s PASAT (r = 0.36, p = 0.007) were stronger than with 3s PASAT (r = 0.28, p = 0.07) in
left amygdala. This might reflect the greater difficulty of the 2s PASAT, making the latter more
Table 2. Correlations between clinical cognitive tests and R2t* and NV in limbic cortex.
R2t* NV
3s PASAT 2s PASAT SDMT 3s PASAT 2s PASAT SDMT
r P r p r p r p r p r p
Parahippocampal LH 0.01 0.91 0.06 0.63 0.13 0.34 0.07 0.77 -0.02 0.98 0.30 0.09
RH 0.32 0.03 0.22 0.11 0.24 0.07 0.15 0.77 0.06 0.98 0.33 0.08
Insula LH 0.31 0.03 0.27 0.05 0.37 0.01 0.15 0.77 0.12 0.97 0.14 0.31
RH 0.23 0.08 0.23 0.11 0.35 0.01 0.07 0.77 0.00 0.98 0.12 0.35
Entorhinal LH -0.17 0.22 -0.16 0.19 -0.07 0.61 0.11 0.77 0.08 0.98 0.23 0.11
RH -0.13 0.34 -0.19 0.13 -0.07 0.61 0.05 0.81 0.02 0.98 0.15 0.31
Lateral orbitofrontal LH 0.21 0.11 0.19 0.14 0.19 0.15 0.10 0.77 0.00 0.98 0.21 0.15
RH 0.31 0.03 0.35 0.01 0.34 0.01 0.09 0.77 0.04 0.98 0.17 0.24
Medial orbitofrontal LH 0.16 0.22 0.15 0.23 0.14 0.31 0.12 0.77 0.19 0.91 0.12 0.35
RH 0.09 0.47 0.19 0.13 0.01 0.93 0.02 0.90 0.10 0.98 0.02 0.88
Caudal anterior cingulate LH 0.36 0.01 0.42 <0.01 0.42 <0.01 0.00 0.97 -0.02 0.98 0.19 0.20
RH 0.36 0.01 0.49 <0.01 0.33 0.01 0.26 0.51 0.15 0.91 0.24 0.11
Isthmus of cingulate LH 0.29 0.03 0.33 0.01 0.29 0.02 0.02 0.90 0.08 0.98 0.27 0.10
RH 0.29 0.03 0.33 0.01 0.40 <0.01 0.09 0.77 0.12 0.97 0.13 0.32
Posterior cingulate LH 0.26 0.04 0.19 0.13 0.35 0.01 -0.09 0.77 -0.02 0.98 0.02 0.88
RH 0.30 0.03 0.27 0.05 0.32 0.01 0.05 0.81 0.15 0.91 0.24 0.11
Rostral anterior cingulate LH 0.29 0.03 0.40 <0.01 0.22 0.10 0.12 0.77 0.16 0.91 0.15 0.31
RH 0.11 0.38 0.19 0.13 -0.11 0.43 0.08 0.77 0.06 0.98 0.25 0.11
Lower R2t* and NV each correlate with worse performance on clinical cognitive tests scores in several regions of the limbic system (significant values are
bolded). All p-values are after multiple comparison correction (FDR).
https://doi.org/10.1371/journal.pone.0187915.t002
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sensitive to mild abnormalities. The amygdala is well known to function in emotional learning
and memory [36]. The 2s PASAT is considered more stressful than the 3s PASAT, perhaps
evoking an emotional response in the test-taker that is sensitive to amygdala abnormalities. In
contrast, NV of the hippocampus and amygdala only correlated with SDMT, but not with 3s
or 2s PASAT scores. Interestingly, regional correlations of NV and R2t with cognitive test
results did not always overlap. These disparate results indicate that R2t can contribute infor-
mation on tissue integrity that volume does not. We found weak or no correlations between
R2t in limbic system and motor functions tested by 9HPT and 25TW, respectively. This was
not unexpected. We suspect any weak correlations with 9HPT are indirect–that is, more a
result of the global level of CNS pathology in a given patient than to a direct structure-function
correlation.
There are several limitations in the current study. The number of participants was relatively
small, which might have limited the ability to detect correlations. Extensive tests of memory,
learning and emotion were not included in our study design. We did find that R2t and volu-
metric measures showed significant correlations with tests that are sensitive to common MS
cognitive deficits (PASAT and SDMT), including processing speed and working memory.
Future studies will include more thorough testing of the primary hippocampus and amygdala
functions of memory and learning.
Conclusions
This study reports several novel findings, as well as expanding on existing literature. Limbic
system abnormalities have received relatively little prior attention in MS. We found reduced
R2t, a measure that reflects tissue integrity, in several cortical limbic system regions that were
not abnormal using volumetrics. R2t was also more sensitive to changes in cognitive test per-
formance than NV. High resolution MR sequences to measure R2t require less than 15 min-
utes, and can be readily added to scanning protocols on clinical scanners. This and prior
studies indicate that R2t can be used as a quantitative tissue biomarker, providing informa-
tion that is distinct from and complementary to volume.
Acknowledgments
Anne Cross holds the Manny & Rosalyn Rosenthal–Dr. John L. Trotter MS Center Chair in
Neuroimmunology of the Foundation for Barnes-Jewish Hospital. Jie Wen is a former post-
doctoral fellow of National MS Society USA.
Author Contributions
Conceptualization: Jie Wen, Dmitriy A. Yablonskiy, Anne H. Cross.
Data curation: Jie Wen, Amber Salter.
Formal analysis: Amber Salter.
Funding acquisition: Anne H. Cross.
Investigation: Jie Wen, Dmitriy A. Yablonskiy, Anne H. Cross.
Methodology: Jie Wen, Dmitriy A. Yablonskiy, Amber Salter.
Project administration: Anne H. Cross.
Resources: Dmitriy A. Yablonskiy.
Supervision: Dmitriy A. Yablonskiy, Anne H. Cross.
Limbic system damage in MS: MRI assessment and correlations with clinical testing
PLOS ONE | https://doi.org/10.1371/journal.pone.0187915 November 9, 2017 12 / 14
Validation: Amber Salter.
Writing – original draft: Jie Wen.
Writing – review & editing: Dmitriy A. Yablonskiy, Amber Salter, Anne H. Cross.
References
1. Rao SM, Leo GJ, Bernardin L, Unverzagt F (1991) Cognitive dysfunction in multiple sclerosis. I. Fre-
quency, patterns, and prediction. Neurology 41: 685–691. PMID: 2027484
2. Chiaravalloti ND, DeLuca J (2008) Cognitive impairment in multiple sclerosis. Lancet Neurol 7: 1139–
1151. https://doi.org/10.1016/S1474-4422(08)70259-X PMID: 19007738
3. Amunts K, Kedo O, Kindler M, Pieperhoff P, Mohlberg H, Shah NJ, et al. (2005) Cytoarchitectonic map-
ping of the human amygdala, hippocampal region and entorhinal cortex: intersubject variability and
probability maps. Anat Embryol (Berl) 210: 343–352.
4. LeDoux JE (2000) Emotion circuits in the brain. Annu Rev Neurosci 23: 155–184. https://doi.org/10.
1146/annurev.neuro.23.1.155 PMID: 10845062
5. Sicotte NL, Kern KC, Giesser BS, Arshanapalli A, Schultz A, Montag M, et al. (2008) Regional hippo-
campal atrophy in multiple sclerosis. Brain 131: 1134–1141. https://doi.org/10.1093/brain/awn030
PMID: 18375977
6. Audoin B, Zaaraoui W, Reuter F, Rico A, Malikova I, Confort-Gouny S, et al. (2010) Atrophy mainly
affects the limbic system and the deep grey matter at the first stage of multiple sclerosis. Journal of Neu-
rology Neurosurgery and Psychiatry 81: 690–695.
7. Benedict RH, Ramasamy D, Munschauer F, Weinstock-Guttman B, Zivadinov R (2009) Memory
impairment in multiple sclerosis: correlation with deep grey matter and mesial temporal atrophy. J Neu-
rol Neurosurg Psychiatry 80: 201–206. https://doi.org/10.1136/jnnp.2008.148403 PMID: 18829629
8. Koenig KA, Sakaie KE, Lowe MJ, Lin J, Stone L, Bermel RA, et al. (2015) The relationship between cog-
nitive function and high-resolution diffusion tensor MRI of the cingulum bundle in multiple sclerosis. Mul-
tiple Sclerosis Journal 21: 1794–1801. https://doi.org/10.1177/1352458515576983 PMID: 26106010
9. Meijer KA, Muhlert N, Cercignani M, Sethi V, Ron MA, Thompson AJ, et al. (2016) White matter tract
abnormalities are associated with cognitive dysfunction in secondary progressive multiple sclerosis. Multi-
ple Sclerosis Journal 22: 1429–1437. https://doi.org/10.1177/1352458515622694 PMID: 26733423
10. Keser Z, Hasan KM, Mwangi B, Gabr RE, Steinberg JL, Wilken J, et al. (2017) Limbic Pathway Corre-
lates of Cognitive Impairment in Multiple Sclerosis. Journal of Neuroimaging 27: 37–42. https://doi.org/
10.1111/jon.12381 PMID: 27541485
11. Yablonskiy DA (2000) Gradient echo plural contrast imaging (GEPCI)—New fast magnetic resonance
imaging technique for simultaneous acquisition of T2, T1 (or spin density) and T2*-weighted images.
Radiology 217: 204–204.
12. Sati P, Cross AH, Luo J, Hildebolt CF, Yablonskiy DA (2010) In vivo quantitative evaluation of brain tis-
sue damage in multiple sclerosis using gradient echo plural contrast imaging technique. NeuroImage
51: 1089–1097. https://doi.org/10.1016/j.neuroimage.2010.03.045 PMID: 20338247
13. Luo J, Jagadeesan BD, Cross AH, Yablonskiy DA (2012) Gradient echo plural contrast imaging—signal
model and derived contrasts: T2*, T1, phase, SWI, T1f, FST2*and T2*-SWI. NeuroImage 60: 1073–
1082. https://doi.org/10.1016/j.neuroimage.2012.01.108 PMID: 22305993
14. Wen J, Yablonskiy DA, Luo J, Lancia S, Hildebolt C, Cross AH, et al. (2015) Detection and quantification
of regional cortical gray matter damage in multiple sclerosis utilizing gradient echo MRI. Neuroimage
Clin 9: 164–175. https://doi.org/10.1016/j.nicl.2015.08.003 PMID: 27330979
15. Schmalbrock P, Prakash RS, Schirda B, Janssen A, Yang GK, Russell M, et al. (2016) Basal Ganglia
Iron in Patients with Multiple Sclerosis Measured with 7T Quantitative Susceptibility Mapping Correlates
with Inhibitory Control. American Journal of Neuroradiology 37: 439–446. https://doi.org/10.3174/ajnr.
A4599 PMID: 26611996
16. Ulrich X, Yablonskiy DA (2016) Separation of cellular and BOLD contributions to T2* signal relaxation.
Magn Reson Med 75: 606–615. https://doi.org/10.1002/mrm.25610 PMID: 25754288
17. Zhao Y, Wen J, Cross AH, Yablonskiy DA (2016) On the relationship between cellular and hemody-
namic properties of the human brain cortex throughout adult lifespan. Neuroimage 133: 417–429.
https://doi.org/10.1016/j.neuroimage.2016.03.022 PMID: 26997360
18. Sati P, Cross AH, Luo J, Hildebolt CF, Yablonskiy DA (2010) In vivo quantitative evaluation of brain tis-
sue damage in multiple sclerosis using gradient echo plural contrast imaging technique. Neuroimage
51: 1089–1097. https://doi.org/10.1016/j.neuroimage.2010.03.045 PMID: 20338247
Limbic system damage in MS: MRI assessment and correlations with clinical testing
PLOS ONE | https://doi.org/10.1371/journal.pone.0187915 November 9, 2017 13 / 14
19. Ogawa S, Lee TM, Kay AR, Tank DW (1990) Brain Magnetic-Resonance-Imaging with Contrast Depen-
dent on Blood Oxygenation. Proc Natl Acad Sci U S A 87: 9868–9872. PMID: 2124706
20. Ogawa S, Lee TM, Kay AR, Tank DW (1990) Brain magnetic resonance imaging with contrast depen-
dent on blood oxygenation. Proc Natl Acad Sci U S A 87: 9868–9872. PMID: 2124706
21. Yablonskiy DA, Sukstanskii AL, Luo J, Wang X (2013) Voxel spread function method for correction of
magnetic field inhomogeneity effects in quantitative gradient-echo-based MRI. Magn Reson Med 70:
1283–1292. https://doi.org/10.1002/mrm.24585 PMID: 23233445
22. Wen J, Cross AH, Yablonskiy DA (2015) On the role of physiological fluctuations in quantitative gradient
echo MRI: implications for GEPCI, QSM, and SWI. Magn Reson Med 73: 195–203. https://doi.org/10.
1002/mrm.25114 PMID: 24482009
23. Zhao Y, Raichle ME, Wen J, Benzinger TL, Fagan AM, Hassenstab J, et al. (2017) In vivo detection of
microstructural correlates of brain pathology in preclinical and early Alzheimer Disease with magnetic
resonance imaging. Neuroimage 148: 296–304. https://doi.org/10.1016/j.neuroimage.2016.12.026
PMID: 27989773
24. Mugler JP, Brookeman JR (1990) Three-dimensional magnetization-prepared rapid gradient-echo
imaging (3D MP RAGE). Magn Reson Med 15: 152–157. PMID: 2374495
25. Shiee N, Bazin PL, Ozturk A, Reich DS, Calabresi PA, Pham DL, et al. (2010) A topology-preserving
approach to the segmentation of brain images with multiple sclerosis lesions. Neuroimage 49: 1524–
1535. https://doi.org/10.1016/j.neuroimage.2009.09.005 PMID: 19766196
26. McAuliffe MJ, Lalonde FM, McGarry D, Gandler W, Csaky K, Trus BL, et al. Medical Image Processing,
Analysis and Visualization in clinical research; 2001 2001. pp. 381–386.
27. Chiaravalloti ND, Stojanovic-Radic J, DeLuca J (2013) The role of speed versus working memory in pre-
dicting learning new information in multiple sclerosis. J Clin Exp Neuropsychol 35: 180–191. https://doi.
org/10.1080/13803395.2012.760537 PMID: 23350959
28. Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate—a Practical and Powerful
Approach to Multiple Testing. Journal of the Royal Statistical Society Series B-Methodological 57: 289–
300.
29. Szabo CA, Lancaster JL, Xiong J, Cook C, Fox P (2003) MR imaging volumetry of subcortical structures
and cerebellar hemispheres in normal persons. AJNR Am J Neuroradiol 24: 644–647. PMID:
12695196
30. Filipek PA, Richelme C, Kennedy DN, Caviness VS Jr. (1994) The young adult human brain: an MRI-
based morphometric analysis. Cereb Cortex 4: 344–360. PMID: 7950308
31. Goldstein JM, Seidman LJ, Horton NJ, Makris N, Kennedy DN, Caviness VS Jr, et al. (2001) Normal
sexual dimorphism of the adult human brain assessed by in vivo magnetic resonance imaging. Cereb
Cortex 11: 490–497. PMID: 11375910
32. Seewann A, Vrenken H, van der Valk P, Blezer EL, Knol DL, Castelijns JA, et al. (2009) Diffusely abnor-
mal white matter in chronic multiple sclerosis: imaging and histopathologic analysis. Arch Neurol 66:
601–609. https://doi.org/10.1001/archneurol.2009.57 PMID: 19433660
33. Patel K, Luo J, Alvarez E, Piccio L, Schmidt R, Yablonskiy DA, et al. (2015) Detection of cortical lesions
in multiple sclerosis: A new imaging approach. Mult Scler J: Exp Transl Clin (in press).
34. Yablonskiy DA, Haacke EM (1994) Theory of NMR signal behavior in magnetically inhomogeneous tis-
sues: the static dephasing regime. Magn Reson Med 32: 749–763. PMID: 7869897
35. Schoonheim MM, Popescu V, Rueda Lopes FC, Wiebenga OT, Vrenken H, Douw L, et al. (2012) Sub-
cortical atrophy and cognition: sex effects in multiple sclerosis. Neurology 79: 1754–1761. https://doi.
org/10.1212/WNL.0b013e3182703f46 PMID: 23019265
36. Phelps EA (2004) Human emotion and memory: interactions of the amygdala and hippocampal com-
plex. Curr Opin Neurobiol 14: 198–202. https://doi.org/10.1016/j.conb.2004.03.015 PMID: 15082325
Limbic system damage in MS: MRI assessment and correlations with clinical testing
PLOS ONE | https://doi.org/10.1371/journal.pone.0187915 November 9, 2017 14 / 14
